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We study a binary mixture of polar chiral (counterclockwise or clockwise) active particles in a
two-dimensional box with periodic boundary conditions. Beside the excluded volume interactions
between particles, particles are also subject to the polar velocity alignment. From the extensive
Brownian dynamics simulations, it is found that the particle configuration (mixing or demixing) is
determined by the competition between the chirality difference and the polar velocity alignment.
When the chirality difference competes with the polar velocity alignment, the clockwise particles
aggregate in one cluster and the counterclockwise particles aggregate in the other cluster, thus
particles are demixed and can be separated. However, when the chirality difference or the polar
velocity alignment is dominated, particles are mixed. Our findings could be used for the experimental
pursuit of the separation of binary mixtures of chiral active particles.
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2I. INTRODUCTION
Active matter in biological and physical systems has been studied theoretically and experimentally [1–6]. Unlike
passive particles, active particles, also known as self-propelled particles or microswimmers and nanoswimmers, are
capable of taking up energy from their environment and converting it into directed motion. Understanding the
collective behavior of systems composed of the active matter can provide insight into out-of-equilibrium phenomena
associated with many biological systems, such as fish schools, bacterial suspensions, and artificial microswimmers.
Demixing and separation strategies of active particles based on their swimming properties [7–30] are of utmost
importance for various branches of science and engineering. Usually, there are three types of mixed particles. 1)Mixture
of active and passive particles. McCandlish and coworkers[8] realized the spontaneous segregation of active and passive
particles, freely swimming in a two-dimensional box. Stenhammar and coworkers [9] investigated the phase behavior
and kinetics of a monodisperse mixture of active and passive particles and found that motility of the active component
can trigger phase separation. In the mixture of passive particles and eccentric self-propelled active particles[10], the
eccentric particles can push passive particles to form a large dense dynamic cluster when the eccentricity of active
particles are high enough. Smrek and Kremer found that small activity differences drive phase separation in active-
passive polymer mixtures[11]. 2)Mixture of active particles with different properties. Swimming cells with different
motilities can be separated by using the centrifugation [13]. Separation of binary mixtures of colloids is realized
by using self-driven artificial microswimmers [14]. Costanzo and coworkers [15] proposed a separation method for
run-and-tumble particles in terms of their motility in a microchannel. Asymmetric obstacles can also induce the
separation of self-propelled particles with different motilities [16]. Weber and coworkers [18] studied the exclusive role
of diffusivity differences in binary mixtures of equal-sized particles and found that differences in diffusion constant
alone suffice to drive phase separation in binary mixtures. Demixing of binary mixtures of particles with different
effective diffusion coefficients is significantly enhanced in the presence of an external potential[19]. 3)Mixture of
chiral active particles. The class of chiral active matter includes a variety of biological circle swimmers, such as E.
coli, which swim circularly when close to walls and interfaces[31, 32], as well as magnetotactic bacteria in rotating
external fields[33] and sperm cells[34]. Mijalkov and Volpe[20] found that chiral microswimmers can be sorted on the
basis of their swimming properties by employing some simple static patterns in their environment. Particles with
the same radius but different chirality move in different directions in asymmetrically patterned arrays[21]. In the
circle confinement clockwise and counter-clockwise rotating robots move collectively and phase separate via spinodal
decomposition[22]. In the previous work[28], we proposed a sorting method, where the mixed chiral particles can be
separated when the angular speed of the obstacles, the angular speed of active particles, and the self-propulsion speed
satisfy a certain relation.
Most studies on demixing and separation of active particles have considered only the excluded volume interactions
between particles. The effect of alignment interactions between particles on demixing and separation has not yet been
investigated. In this paper, we numerically study the binary mixture of chiral active particles in the presence of the
excluded volume interactions as well as the polar velocity alignment. It is found that when the chirality difference
competes with the polar velocity alignment, the clockwise particles aggregate in one cluster and the counterclockwise
particles aggregate in the other cluster, thus particles are demixed and can be separated. In the previous works,
chiral particle separation was realized by using the external driving, the separation channel, or the special obstacles.
However, in the present work, the internal competition between the chirality difference and the polar velocity alignment
can induce particle separation.
II. MODEL AND METHODS
We consider the binary system of chiral active particles (N/2 counterclockwise andN/2 clockwise particles) of radius
r in a two-dimensional box of size L×L with periodic boundary conditions. Besides the excluded volume interactions,
we also consider the polar velocity alignment interactions between particles [35]. The dynamics of each particle is
described by the position ri ≡ (xi, yi) of its center and the orientation θi of the polar axis ni ≡ (cos θi, sin θi). The
orientation θi is determined by the rotation diffusion, the constant torque acting on the particles (which is responsible
for circular swimming), and the mutual interaction between neighboring swimmers. The translational and rotational
diffusion are assumed to be not coupled and the translational diffusion is assumed to be negligibly small, thus we do
not consider the translational diffusion in the model. We studied this model by solving the overdamped Langiven
equations (thus neglecting hydrodynamic interactions between particles)[36–38]
dri
dt
= v0ni + µ
N∑
j=1
Fij , (1)
3dθi
dt
= Ωi +
g
piR2
∑
j∈∂i
sin(θj − θi) +
√
2Drξi(t), (2)
where v0 is the self-propulsion speed and µ is the mobility. Dr is the rotational diffusion coefficient and ξi(t) is unit-
variance Gaussian white noise with zero mean. The angular velocity Ωi = ±ω (particles experience a constant torque
leading to circular motion) and its sign determines the chirality of the particle. The positive ω denotes the chirality
difference. We define particles as the counterclockwise particles for positive Ωi and the clockwise particles for negative
Ωi. For the convenience of discussion, we focus on equimolar mixtures, where the number of the counterclockwise
particles is equal to the number of the clockwise particles.
The interactions between particles are taken as short-ranged harmonic repulsive force: Fij = k(2r − rij)rˆij if
particles overlap (rij < 2r), and Fij = 0 otherwise. rij = |ri − rj | is the distance between Brownian particle i
and particle j and rˆij = (ri − rj)/rij . Here k describes the spring constant. In order to mimic hard particles, we
use a larger value for the product of spring constant and mobility µk(= 100), thus ensuring that particle overlaps
decay quickly. We tested that the presented results are robust against reasonable changes in µk. The polar velocity
alignment interactions are introduced as a torque in Eq. (2), and their strength is controlled by the coupling constant
g ≥ 0. The sum in Eq. (2) runs over neighbor with a radius R around particle i.
To quantify the spatial distribution of the two particle types, we divide the system in M square sub-regions of area
(L× L)/M and the segregation coefficient S[39] is given by
S =
1
N
M∑
i=1
|NCWi −N
CCW
i |, (3)
where NCWi (N
CCW
i ) is number of clockwise (counterclockwise) particles in the i-th sub-region. With this definition,
S → 0 for uniform distribution of clockwise and counterclockwise particles, and S → 1 for complete segregation.
The orientational order can be characterized by the polar order parameter P ,
P = 〈
∣∣∣∣∣∣
1
N
N∑
j=1
eiθj(t)
∣∣∣∣∣∣
〉, (4)
where 〈...〉 denotes time average andN stands for the total number of particles in the system. When P → 1 all particles
move in the same direction and when P → 0 particles move in any direction with equal probability. We define the
ratio between the area occupied by particles and the total available area as the packing fraction ρ = Npir2/(L× L).
In order to describe the characteristic cluster size of the single particle specie in the binary mixtures, we define the
relative radial distribution function as the autocorrelation function [22, 23],
gαβ(r1, r2) = 〈ρα(r1)ρα(r2)〉+ 〈ρβ(r1)ρβ(r2)〉 − 〈ρα(r1)ρβ(r2)〉 − 〈ρβ(r1)ρα(r2)〉, (5)
here ρI(r) =
∑NI
i=1 δ(r − ri) is the particle density for the particle specie µ, where I = α, β. In the homogeneous,
isotropic system, Eq. (5) reduces to gαβ(r) with r = |r1 − r2|. The characteristic cluster size is determined by the
first non-trivial zero of gαβ(r) [22, 23].
Times and lengths are in units of the elastic time 1
µk
and the particle radius r. The parameters in the dimensionless
forms can be rewritten as vˆ0 =
v0
µkr
, ωˆ = ω
µk
, Dˆr =
Dr
µk
, and gˆ = g
piR2µk
. From now on, we will use only the
dimensionless variables and shall omit the hat for all quantities occurring in the above equations. We explore the
behaviors of the system by varying the self-propulsion speed v0, the rotational diffusion rate Dr, the angular velocity
ω, and the alignment interaction strength g.
III. RESULTS AND DISCUSSION
In our simulations, particle positions are initialized with a uniform random distribution inside the box, and orienta-
tions are random over the interval [0, 2pi]. Eqs. (1) and (2) are integrated numerically using a Runge-Kutta algorithm.
The integration step time was chosen to be smaller than 10−3 and the total integration time was more than 2× 105
(this time is sufficient to ensure that the density profile of the system has reached steady state shown in Figure S1 in
Electronic supplementary information (ESI)). We have considered 102 realizations to improve accuracy and minimize
statistical errors. Our numerical calculations were done by use of a Fortran CUDA environment implemented on
a modern desktop GPU. This scheme allowed for a speed-up of a factor of the order 103 times as compared to a
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FIG. 1. Snapshots of a mixture of the clockwise (blue) and counterclockwise (red) particles for different values of g at ω = 0.5.
(a)g = 0.0. (b)g = 0.01. (c)g = 0.1. (d)g = 0.3. The other parameters are ρ = 0.50, v0 = 1.0, and Dr = 0.001.
common present-day CPU method. Unless otherwise noted, our simulations are under the parameter sets L = 40.0,
M = 10× 10 = 100, and N = 1024(ρ = 0.50).
For binary mixtures of chiral active particles, the change of the self-propulsion orientation θ is determined by the
parameters ω, g, and Dr. The angular velocity ω determines the chirality difference, particles are exactly the same at
ω = 0.0. Particles are randomly segregated for small g and aggregated for large g. The rotational diffusion coefficient
Dr describes the fluctuation of the angular velocity. When Dr is fixed, the particle configuration (mixing or demixing)
is determined by the competition between ω and g.
Figure 1 shows the snapshots of mixed chiral active particles for different values of g at ω = 0.5. The chirality
difference separates the particle group and the alignment interaction promotes particle aggregation. For zero alignment
interaction (g = 0)(shown in Fig. 1(a)), particles do circular motions with small circular radius (R = v0/ω = 2 is
far less than the length L), the same kind of particle randomly aggregates in very small clusters. In the presence
of the periodic boundary conditions, the size of small clusters do not increases with time, thus particles are mixed
on the whole (see Movie 1,Electronic supplementary information (ESI)). Note that if the confinement is applied,
the size of small clusters gradually increases with time and finally symmetric demixing patterns appear[22]. When
g increases, the alignment interactions take effect, on the one hand the alignment interaction promotes particle
aggregation, but on the other hand the chirality difference separates the particle group. The competition between
the chirality difference and the alignment interaction determines the particle configuration (mixing or demixing).
When the chirality difference (ω = 0.5) competes with the polar velocity alignment (g = 0.1)(shown in Fig. 1(c)), the
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FIG. 2. Snapshots of a mixture of the clockwise (blue) and counterclockwise (red) particles for different values of ω at g = 0.1.
(a)ω = 0.0. (b)ω = 0.3. (c)ω = 1.5. (d)ω = 3.0. The other parameters are ρ = 0.50, v0 = 1.0, and Dr = 0.001.
clockwise particles aggregate in one cluster and the counterclockwise particles aggregate in the other cluster, moreover
particles in the same cluster move together. In this case, one cluster moves clockwise and the other cluster moves
counterclockwise, due to the existence of the excluded volume interaction, these two clusters are mutually exclusive,
therefore two types of particles are demixed (see Movie 2, Electronic supplementary information (ESI)) . On further
increasing g (shown in Fig. 1(d)), the aggregation gradually dominates the transport and the chirality difference can
be neglected for large g (e. g. g = 0.3). In this case, particles tend to randomly aggregate in one cluster and move
together, so particles are completely mixed (see Movie 3, Electronic supplementary information (ESI)).
Figure 2 describes the snapshots of mixed chiral active particles for different values of ω at g = 0.1. When ω = 0.0,
the polar velocity alignment completely dominates the transport, particles randomly aggregate in one cluster and
move in the same direction shown in Fig. 2(a). Due to the zero chirality difference, all particles are identical, so
there is no particle separation. On increasing ω, the chirality difference increases, particles with different chirality
will gradually aggregate in different clusters. When the chirality difference competes with the alignment interaction
(e. g. ω = 0.3 and 1.5), particles with the same chirality aggregate in the same cluster and move together, therefore
two kinds of particles are demixed (shown in Figs. 2(b) and 2(c)). However, for large values of ω (e.g. ω = 3.0),
the radius of circular motion (∝ 1/ω) is small, particles move in many small regions. In each small region, two kinds
of particles are demixed. However, on the whole many small clusters appear and particles are mixed (shown in Fig.
2(d)).
In order to describe the characteristic cluster size of the single particle specie in the binary mixtures (shown in Fig.
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FIG. 3. Relative radial distribution function gαβ(r) for different values of ω at t = 2× 10
5. The first non-trivial root (marked
by circles) is a quantifier for the cluster size of the single particle specie. The other parameter are g = 0.1, ρ = 0.50, v0 = 1.0,
and Dr = 0.001.
2), we have plotted the radial dependence of gαβ(r) in Fig. 3 for different values of ω at g = 0.1. The cluster size of
the single particle specie is determined by the first non-trivial zero of gαβ(r)(marked by circles). It is found that the
cluster size of the single particle specie is large (e. g. ω = 0.3, 1.5) when the chirality difference competes with the
polar velocity alignment. The cluster size is small when the chirality difference(e. g. ω = 3.0) or the polar velocity
alignment (e. g. ω = 0) dominates the dynamics. The large cluster size of the single particle specie indicates the
particle demixing.
From the above figures, we can conclude that particles are demixed and can be separated when the chirality
difference competes with the polar velocity alignment. In order to describe the particle configuration (mixing or
demixing), we present the segregation coefficient S and the corresponding polar order parameter P as functions of
g, ω, Dr, and v0 in Figs. 4-7. Note that every curve in these figures is obtained from the statistical average of 100
independent simulations and error bars in the curves are calculated based on 100 numerical runs.
Figure 4(a) describes the segregation coefficient S as functions of the alignment interaction intensity g at ω = 0.5.
When g → 0, particles are randomly segregated and mixed, thus the segregation coefficient is small. When g > 0.3, the
alignment interaction between particles dominates the dynamics, particles are aggregated and the chirality difference
can be neglected, thus particles are mixed (S is small). There exists a region of g (the chirality difference competes
with the polar velocity alignment) where S > 0.8, which indicates that two types of particles are demixed. The
corresponding polar order parameter P is illustrated in Fig. 4(b). When g increases from zero to 0.5, the aggregate
effect gradually becomes important, so the polar order parameter P increases from 0 to 1. Note that in the curve
there exists a step (P ≃ 0.6) which corresponds to particle demixing.
The segregation coefficient S is illustrated in Fig. 4(c) as a function of ω at g = 0.1. When ω → 0, all particles are
identical and the polar velocity alignment dominates the transport, particles are mixed (S is small). When ω is large
(e. g. > 2.0), the chirality difference dominates the transport, many small clusters appear, S is small. There exists a
region of ω where two types of particles are demixed and can be separated (S > 0.8). On increasing ω form zero, the
chirality difference gradually dominates the transport and the polar interaction becomes negligible, so the polar order
parameter P decreases from 1 to 0 (shown in Fig. 4(d)). Similar to Fig. 4(b), there is also a step (corresponding to
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FIG. 4. (a)Segregation coefficient S as a function of the alignment interaction intensity g at ω = 0.5. (b)Polar order parameter
P as a function of the alignment interaction intensity g at ω = 0.5. (c)Segregation coefficient S as a function of the angular
velocity ω at g = 0.1. (d)Polar order parameter P as a function of the angular velocity ω at g = 0.1. The error bars represent
the standard error of the mean. The other parameters are v0 = 1.0 and Dr = 0.001.
particle demixing) in the curve of Fig. 4(d).
Note that the parameter range (g and ω)corresponding to particle demixing reduces when the packing fraction
increases from 0.50 to 0.79. When the packing fraction increases, the average distance between particles becomes
small, so the role of the polar alignment is more pronounced (see Figure S2 in Electronic supplementary information
(ESI)). At the same time, the role of the excluded volume interactions between particles is also pronounced, which
blocks the particle aggregation.
To study in more detail the dependence of the segregation coefficient on g and ω, we plotted contour plots of the
segregation coefficient S as functions of g and ω in Fig. 5. It is found that particles are demixed in the diagonal region
and mixed in the nondiagonal region, which shows that particles are demixed when the chirality difference competes
with the polar velocity alignment. The parameter range (g and ω)corresponding to particle demixing reduces when g
and ω increase. Note that this phase diagram will change when the system parameters are varied.
In order to further investigate the demxing of binary mixtures, the effects of the rotational diffusion coefficient Dr
and the self-propulsion speed v0 on S and P are shown in Figs. 6 and 7. We focus on three typical cases: 1) the
chirality difference is dominated (g = 0.001 and ω = 0.5), 2) the chirality difference competes with the polar velocity
alignment (g = 0.1 and ω = 0.5), and 3) the polar velocity alignment dominates the dynamics (g = 0.3 and ω = 0.5).
Figures 6(a) and 6(b) indicate the dependence of S and P on the rotational diffusion coefficient Dr for three cases.
When Dr → 0, the rotational diffusion can be neglected, thus S and P is maximal. On increasing Dr, the rotational
diffusion gradually becomes important, both S and P decreases. When Dr → ∞, the self-propelled angle changes
very fast, the chirality and the alignment interaction becomes negligible, thus both S and P tend to zero. Therefore,
both S and P decrease monotonously when the rotational diffusion coefficient increases. Note that for the case of
8FIG. 5. Contour plots of the segregation coefficient S as a function of the system parameters g and ω at ρ = 0.50, v0 = 1.0,
and Dr = 0.001.
g = 0.001, the chirality of particle dominates the transport, the polar order parameter P is very small and almost
independent of ω.
In Figs. 7(a) and 7(b), S and P are depicted as a function of the self-propulsion speed v0 for three cases. The
circular motion radius of a single chiral particles is R = v0
ω
. Particles with small circular motion radius are easier to
aggregate than those with large circular motion radius. From Eq. (1), we can see that the dynamics of particles is
determined by the self-propulsion and the excluded volume force. When v0 → 0, the excluded volume force dominates
the dynamics, the chirality difference becomes negligible, particles are randomly distributed, thus S and P are small.
When v0 is large, the self-propulsion dominates the dynamics and the excluded volume effect relatively reduces. In
this case, particles do circular motions with large radius (which blocks the aggregation of particles) and tend to move
in their own direction, so S and P decrease. Therefore, there exists an optimal value of v0 at which S and P take their
maximal values. Note that this is different from the achiral particle case where motility induced phase separation
exists only for large speed[40]. Similar to Fig. 6(b), the polar order parameter P is very small and almost independent
of v0 for the case of g = 0.001.
Figure 8 shows the box size effects on segregation coefficient and polar order parameter for the demixing case
(g = 0.1 and ω = 0.5) at N = 1024. When the box size L increases from 40 to 320, the segregation coefficient S
decreases from 0.975 to 0.394 (from the demixing state to the mixing state) and the polar order parameter P decreases
from 0.62 to 0.01. This can be explained as follows. When L is very large, the the packing fraction is very small and
the average distance between particles is large. In this case, when the chirality difference competes with the polar
velocity alignment (g = 0.1 and ω = 0.5) particles are demixed in very small sub-regions, however, the two types of
particles are still mixed on the whole. In addition, the cluster behaviors are different for different sub-regions, on the
whole, particles move in any direction with equal probability, thus P tends to zero for large L. For the mixing case
(not shown in the figure), both S and P monotonously decreases when the box size L increases.
Figure 9 describes the finite effects on segregation coefficient and polar order parameter for the demixing case
(g = 0.1 and ω = 0.5) at ρ = 0.50. When the particle number N is changed at the fixed packing fraction ρ = 0.50,
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FIG. 6. (a) Segregation coefficient S as a function of the rotational diffusion coefficient Dr for different values of g. (b)Polar
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FIG. 7. (a) Segregation coefficient S as a function of the self-propulsion speed v0 for different values of g. (b)Polar order
parameter P as a function of a function of the self-propulsion speed v0 for different values of g. The error bars represent the
standard error of the mean. The other parameters are ρ = 0.50, Dr = 0.001, and ω = 0.5.
both segregation coefficient and polar order parameter have changed very little. For all cases shown in Fig. 9, the
clockwise particles aggregate in one cluster and the counterclockwise particles aggregate in the other cluster, therefore
the two types of particles are demixed. Note that the total integration time will be very long ( much greater than
2× 105) for large N .
IV. CONCLUDING REMARKS
To summarize, the binary mixture of counterclockwise and clockwise particles has been studied in a two-dimensional
box with periodic boundary conditions. We have investigated the segregation coefficient and the polar order parameter
as functions of the system parameters (g, ω,Dr, and v0). When the chirality difference competes with the polar velocity
alignment, S > 0.8 and P ≃ 0.6, the clockwise particles aggregate in one cluster and the counterclockwise particles
aggregate in the other cluster, thus particles are demixed and can be separated. When the chirality difference is
dominated, S is small and P → 0, many small clusters appear and particles are mixed. When the polar velocity
alignment is dominated, S is small and P → 1, particles are randomly aggregates in different clusters and completely
mixed. When g increases from 0 to 0.5, the polar order parameter P increases from 0 to 1. When ω increases from 0
to 3.0, the polar order parameter P decreases from 1 to 0. There exists a step in the curves(shown in Figs. 4(b) and
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FIG. 9. (a) Segregation coefficient S as a function of the particle number N at the fixed packing fraction ρ = 0.50. (b)Polar
order parameter P as a function of a function of the particle number N at the fixed packing fraction ρ = 0.50. The error bars
represent the standard error of the mean. The other parameters are v0 = 1.0, Dr = 0.001, g = 0.1, and ω = 0.5.
4(d)) which corresponds to particle demixing. Both the segregation coefficient and polar order parameter decrease
monotonously with the increase of Dr. There exists an optimal value of v0 at which S and P take their maximal
values. In addition, both the segregation coefficient and the polar order parameter monotonously decreases when
the box size L increases. Both segregation coefficient and polar order parameter have changed very little when the
particle number N is changed at the fixed packing fraction ρ = 0.50.
Our results should be of considerable practical and theoretical interest, because chiral active matter not only
encompasses a large class of biological and synthetic micro-swimmers, but also creates a plethora of new phenomena
beyond the physics of chiral active matter. Especially, the results we have presented have a potential application in
many biological circle swimmers, such as the magnetotactic bacteria in rotating external fields[33], the bacteria near
solid boundaries[31, 32], and the sperm cells with vortex motion[34].
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